The structural, vibrational and thermal properties of hexagonal as well as cubic Ge 2 Sb 2 Te 5 (GST) have been calculated from first principles. The relative stability of the possible stacking sequences of hexagonal GST has been confirmed to depend on the choice for the exchange-correlation (XC) energy functional. It is apparent that without the inclusion of the Te 4d orbitals in the valence states, the lattice parameters can be underestimated by as much as 3.9% compared to experiment and all-electron calculations. From phonon dispersion curves, it has been confirmed that the hexagonal phase is, indeed, stable whereas the cubic phase is metastable. In particular, calculations based on the quasi-harmonic approximation (QHA) reveal an extra heat capacity beyond the Dulong-Petit limit at high temperatures for both hexagonal and cubic GST. Moreover, cubic GST exhibits a residual entropy at 0 K, in agreement with experimental studies which attribute this phenomenon to substitutional disorder on the Sb/Ge/v sublattice.
Introduction
Alloys along the pseudobinary line (GeTe) x (Sb 2 Te 3 ) y , the so-called phase-change materials, are known to undergo a reversible and rapid amorphous-to-crystalline phase transformation accompanied by a drastic change in optical as well as electrical properties, opening up opportunities for novel nonvolatile data storage devices [Ovshinsky, 1968; Wuttig and Yamada, 2007; Meijer, 2008; Welnic and Wuttig, 2008] . Ge 2 Sb 2 Te 5 (GST) is the prototype phase-change material because of its superior performance in terms of speed of transformation (∼50 ns) and its stability in the amorphous phase [Kolobov et al., 2004] . Despite the fact that phase-change materials are already functional and available in the market, some of their fundamental properties are not yet fully understood and are the subject of intense debate [Welnic and Wuttig, 2008] .
GST exhibits two crystalline phases, namely, a metastable cubic phase, which undergoes the reversible crystalline-to-amorphous phase transition, and a stable hexagonal phase [Matsunaga et al., 2004; Kooi and De Hosson, 2002] . The hexagonal phase has P3m1 symmetry and nine atoms per unit cell in nine layers stacked along the c-axis. There are three possible stacking sequences (Fig. 1) . Kooi and De Hosson [2002] have suggested the sequence Te-Ge-Te-Sb-Te-Te-Sb-Te-Ge (hereafter referred to as phase A), while Petrov et al. [1968] have proposed the sequence Te-Sb-Te-GeTe-Te-Ge-Te-Sb (hereafter referred to as phase B), in which the positions of Ge and Sb atoms are interchanged. Matsunaga et al. [2004] have come up with a disordered phase in which Sb and Ge atoms randomly occupy the same layer resulting in a mixed configuration.
The cubic phase has a rock-salt-like structure with Te atoms on the anionic sites and a random distribution of Ge, Sb and vacancies (v) on the cationic sites [Nonaka et al., 2000; Yamada and Matsunaga, 2000; Kolobov et al., 2004; Park et al., 2005; Kolobov et al., 2005] . For purposes of implementation, the rock-salt-like structure has been replaced by an equivalent hexagonal lattice in which the unit cell has 27 atoms and three v arranged along the c-axis in the stacking sequence Te-Ge-TeSb-Te-v-Te-Sb-Te-Ge repeated three times (Fig. 2) . This arrangement is equivalent to the atomic stacking along the [111] direction in the corresponding rock-salt-like structure.
In this work, the influence of the semicore Te 4d electrons on the valence states has been confirmed in the case of GST. Also, the energy hierarchy of the hexagonal GST phases has been confirmed to depend on the approximation for the exchangecorrelation (XC) energy functional. The heat capacity and entropy are important parameters in the thermal modeling of phase-change memory devices, which is essential for the improvement of device performance in terms of operating speed and power consumption. Tsafack et al. [2011] have previously obtained the heat capacity of hexagonal GST from the simulated phonon density-of-states (DoS). In this work, both the specific heat capacity and entropy of hexagonal and cubic GST have been calculated using a novel numerical technique known as the quasi-harmonic approximation (QHA). In particular, lattice vacancies have been shown to have an influence on the thermal properties of hexagonal as well as cubic GST.
Computational Details
Electronic structure calculations were performed within the framework of density functional theory (DFT) [Hohenberg and Kohn, 1964; Kohn and Sham, 1965] as implemented in the QUANTUM ESPRESSO package [Giannozzi et al., 2009] which uses plane waves for the expansion of atomic wave functions. The local density approximation (LDA) of Perdew and Zunger (PZ) [Perdew and Zunger, 1981] and the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [Perdew et al., 1996] [Lee and Jhi, 2008; Do et al., 2010] . In addition, van Lenthe et al. [1996] have pointed out the significant role played by spin-orbit coupling in such heavy atoms as Te, Ge and Sb. However, spin-orbit coupling, which is a relativistic effect, has not been taken into account in this study where nonrelativistic pseudopotentials have been considered. The Kohn-Sham wave functions were expanded on a plane-wave basis set up to a kinetic energy cutoff of 50 Ry while Brillouin Zone (BZ) integration was performed over an unshifted 8×8×2 Monkhorst-Pack (MP) [Monkhorst and Pack, 1976] The total energy was calculated for various unit cell volumes using the selfconsistent field (SCF) procedure. The resulting energy versus volume data were then fitted to the Murnaghan equation-of-state (EOS) [Murnaghan, 1944] in order to get the equilibrium lattice constants. To obtain the equilibrium atomic positions, the structures were relaxed at the equilibrium lattice constants.
The linear response behavior of the structures was calculated using density functional perturbation theory (DFPT) [Baroni et al., 2001] , where the ground-state charge density of the unperturbed system was computed using the SCF procedure with the same kinetic energy cutoff and k-point grid as before. The dynamical matrices (or force constants) were then calculated on a 4 × 4 × 4 grid of q-vectors, with a convergence threshold of the total energy set to 10 −14 Ry for the hexagonal phase and 10 −12 Ry for the cubic phase, since the cubic phase takes longer to converge.
Finally, the dynamical matrices were transformed from reciprocal space (G) to real space (R).
With the calculated dynamical matrices as input, the heat capacity, entropy and vibrational energy were computed over the temperature range 10-90 K at the equilibrium lattice parameters using the QHA as implemented in the code QHA [Baroni et al., 2010] . Table 1 shows the total energy after structural relaxation of phases A, B and C of hexagonal GST.
Results and Discussion

Structural properties
The total energies were calculated using the LDA and GGA for the XC energy functional. It is evident that with the LDA, phase C has the lowest total energy after structural relaxation. However, phase C is marginally lower in energy than phase A, the energy difference between them being about 0.000305 Ry/atom (∼4 meV/atom). On the other hand, GGA calculations suggest that phase A has the lowest total energy after structural relaxation. In this case, the energy difference between phase A and phase C is about 0.000400 Ry/atom (∼5 meV/atom). Other calculations based on DFT with GGA for the XC energy functional also suggest that phase A has the lowest energy [Sun et al., 2006; Sosso et al., 2009] . According to Sosso et al. [2009] , the difference in energy between phases A and C is about the same order of magnitude expected for the free energy contribution (at 300 K) due to the configurational entropy of the disordered phase C (4/9 · k B · log e (2 ∼ 8) meV/atom). Using the B3PW hybrid functional, Becke [1993] has calculated that phase C is marginally lower in energy than phase A after structural relaxation. Hence, taking into account the configurational entropy, phases A and C seem plausible candidates for hexagonal GST structure. It is clear that the hierarchy in energy between phases A and C seems to depend on the choice for the XC energy functional. In this study, phase A was considered for the hexagonal GST structure. Table 2 shows the total energy after structural relaxation for hexagonal and cubic GST calculated using LDA and GGA for the XC energy functional. It is evident that hexagonal GST has a marginally lower energy after structural relaxation as expected.
In Table 3 , the calculated lattice parameters for hexagonal and cubic GST are shown. Generally, the underestimation of lattice constants (hence overestimation of bulk moduli and overbinding) is a well-known effect of LDA [Sousa et al., 2007] a Experimental data are from [Kooi and De Hosson, 2002] . b Experimental data are from [Park et al., 2005] . c Theoretical data are from [Sosso et al., 2009] . d Experimental data are from [Park et al., 2009] . e,f Theoretical data are from [Da Silva et al., 2008] . g Experimental data are from [Krbal et al., 2009] . whereas the overestimation of lattice constants (hence underestimation of bulk moduli and underbinding) is a well-known feature of GGA [Sousa et al., 2007] and this turns out to be true in this study. It is also important to note that the GGAcalculated lattice constants are generally closer to experimental values than the LDA-calculated lattice constants. In LDA calculations, the Ge 3d, Sb 4d and Te 4d orbitals were treated as core states, in contrast to GGA calculations where they were included in the valence states. Without the inclusion of the Te 4d orbitals in the valence states, the lattice constants are found to be underestimated by as much as 3.9% for the hexagonal GST structure. Lee et al. [1995] and Khenata et al. [2006] have shown that including the Te 4d orbitals in the valence states produced more accurate lattice constants and bulk moduli for Telluride compounds when compared to experiment and all-electron calculations. In another theoretical study, the calculated lattice constants for the rock-salt-like structure of GeTe were found to be smaller than the experimental values by more than 5% without the inclusion of the Te 4d orbitals in the valence states [Do et al., 2010] .
Vibrational properties
In Figs. 3 and 4 , we present the phonon dispersion curves for hexagonal and cubic GST, respectively, alongside the corresponding vibrational density-of-states (VDOS). It is evident that the two spectra are quite similar in profile, only that the cubic phase has a denser set of curves. This is because the conventional unit cell adopted for the cubic phase has more atoms and hence has more vibrational modes. In particular, the absence of negative frequencies in the phonon spectrum of hexagonal GST is a pointer to the stability of the structure. On the other hand, the presence of negative frequencies in the phonon spectrum of the cubic phase is an indication of the instability of the structure. The cubic phase is often described as metastable and is the phase involved in the reversible crystalline-to-amorphous phase transition that finds application in phase-change memory [Welnic and Wuttig, 2008] . The phonon spectrum for the hexagonal phase shows a set of 27 branches that stretch from 0 cm −1 to 182 cm −1 . This is consistent with nine atoms in the unit cell, each having three modes, giving a total of 27 modes. In addition, the spectrum has six acoustic branches and 21 optical branches. On the other hand, the phonon spectrum for the cubic phase has a set of 81 branches spanning from about −21 cm
to about 186 cm −1 . Again, this is consistent with 27 atoms per unit cell, each atom having three modes, giving a total of 81 modes. The VDOS gives the number of modes per unit frequency per unit volume of real space. Figure 5 shows the calculated heat capacity (C v ) as a function of temperature (T ) for hexagonal and cubic GST. In both phases, the heat capacity approaches zero as temperature tends towards zero as expected. In addition, the heat capacity should have a cubic dependence on temperature, i.e., C v ∼ T 3 , at low temperatures as predicted by the Debye model. However, the heat capacity turns out to be linear at low temperatures for the cubic phase (Fig. 6) . Heat capacity can be expressed as the sum: C v = (C v ) ele +(C v ) pho , where (C v ) ele and (C v ) pho are the electronic and phonon contributions. The electronic contribution has a linear dependence on the temperature, i.e., (C v ) ele ∼ T , whereas the photon contribution has a cubic dependence on the temperature, i.e., (C v ) pho ∼ T 3 . Zalden et al. [2014] have estimated that the electronic contribution to the specific heat of the cubic phase is less than 0.08
Thermal properties
irrespective of the temperature. That is, in the low temperature range, the electronic contribution, (C v ) ele , which is linearly dependent on T, is predominant in the cubic phase. This explains the deviation from the C V ∼ T 3 rule. The heat capacity at high temperatures is significantly larger than 0.08
the phonon contribution, (C v ) pho , which varies as T 3 , is predominant in that range.
It is evident from Fig. 5 that the heat capacity becomes slightly larger than the classical Dulong-Petit limit of C V = 3R = 3N A k B in the high-temperature region. Kalb [2002] and Kuwahara et al. [2007] have attributed the slight increase in the heat capacity to point defects such as lattice vacancies. When point defects are thermally generated, their energy of formation gives an extra contribution to the heat capacity of the crystal. Zalden et al. [2014] have shown that the heat capacity of crystalline GST is related to disordered vacancies. It is also evident from Fig. 5 that the cubic phase has a slightly higher heat capacity than the hexagonal phase within the range 0-200 K, in agreement with the experimental work of Zalden et al. [2014] the heat capacity for the disordered cubic phase as compared to the ordered hexagonal phase. In cubic GST, the lattice vacancies occupy symmetric sites in contrast to hexagonal GST where lattice vacancies are interstitial. Consequently, a higher energy of formation is required to generate vacancies in cubic GST. This accounts for the larger heat capacity in the cubic phase. In Figs. 7 and 8, the theoretical and experimental heat capacities are compared. It is evident that in both hexagonal and cubic GST, the experimental heat capacity is slightly larger than the theoretical heat capacity at high temperatures. According to Tsafack et al. [2011] , theory does not adequately account for the contribution of lattice vacancies to the heat capacity. Nevertheless, theory and experiment are found to be in agreement within the range 300-500 K for the hexagonal phase and 400-500 K for the cubic phase. Moreover, the theoretical calculations provide an insight into the heat capacity for temperature ranges where experimental data is unavailable, that is, T < 300 K for the hexagonal phase and T < 400 K for the cubic phase. Figure 9 shows dependence of entropy on temperature for hexagonal GST. It is clear that the entropy tends towards zero upon cooling to 0 K, in agreement with experimental studies [Zalden, 2012] . In that study, the cubic phase was found to have residual entropy at 0 K. This can be attributed to configurational entropy.
The entropy is defined, in general, by S = −k B · ln(w), where w is the number of possible configurations of the system. Thus, single or orderly crystals such as hexagonal GST have no configurational entropy. Compounds from the pseudobinary line (GeTe) m (Sb 2 Te 3 ) n are known to possess a large configurational entropy in the metastable cubic phase due to substitutional disorder on the Ge/Sb/v sublattice [Zalden, 2012] . At high temperatures, a system becomes less disorderly and unpredictable. Hence, the entropy increases with temperature. In Fig. 10 , the vibrational energy of hexagonal GST as a function of temperature is shown. All quantum harmonic oscillators undergo fluctuations even in their ground state (T = 0 K) and the associated energy is known as the zero-point energy.
In this study, a zero-point energy of 0.0126 Ry/atom was calculated for hexagonal GST. Vibrational energy is proportional to temperature. The negative values of vibrational energy indicates that these are bound states, i.e., energy must be expended to cause fluctuations in atomic positions.
Conclusion
It is apparent that the hierarchy in energy of the various possible sequences of hexagonal GST depends on the approximation for the XC energy functional, in agreement with previous theoretical studies. Lattice parameters of hexagonal as well as cubic GST have been calculated with and without the inclusion of the semicore Te 4d electrons in the valence states. Lattice parameters are found to be underestimated by as much as 3.9% without the inclusion of Te 4d orbitals in the valence states. The calculated phonon dispersion spectra confirm that indeed hexagonal GST is stable whereas cubic GST is metastable. The specific heat capacity and configurational entropy have been computed using the quasi-harmonic approximation. It is apparent that lattice vacancies have a role in the thermal properties GST. In particular, the energy of formation of lattice vacancies is responsible for an extra heat capacity, pushing the total heat capacity slightly above the Dulong-Petit limit in the high-temperature region. At low temperatures, the electronic contribution to the heat capacity is predominant for the cubic phase. Finally, the cubic phase has a residual entropy at 0 K, which can be attributed to the substitutional disorder in the Ge/Sb/v sublattice.
